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ABSTRACT: In an earlier study, β3-puromycin was used for
the selection of modified ribosomes, which were utilized for
the incorporation of five different β-amino acids into
Escherichia coli dihydrofolate reductase (DHFR). The selected
ribosomes were able to incorporate structurally disparate β-
amino acids into DHFR, in spite of the use of a single
puromycin for the selection of the individual clones. In this study, we examine the extent to which the structure of the β3-
puromycin employed for ribosome selection influences the regio- and stereochemical preferences of the modified ribosomes
during protein synthesis; the mechanistic probe was a single suppressor tRNACUA activated with each of four methyl-β-alanine
isomers (1−4). The modified ribosomes were found to incorporate each of the four isomeric methyl-β-alanines into DHFR but
exhibited a preference for incorporation of 3(S)-methyl-β-alanine (β-mAla; 4), i.e., the isomer having the same regio- and
stereochemistry as the O-methylated β-tyrosine moiety of β3-puromycin. Also conducted were a selection of clones that are
responsive to β2-puromycin and a demonstration of reversal of the regio- and stereochemical preferences of these clones during
protein synthesis. These results were incorporated into a structural model of the modified regions of 23S rRNA, which included
in silico prediction of a H-bonding network. Finally, it was demonstrated that incorporation of 3(S)-methyl-β-alanine (β-mAla; 4)
into a short α-helical region of the nucleic acid binding domain of hnRNP LL significantly stabilized the helix without affecting its
DNA binding properties.

The ribosome mediates the incorporation of amino acids
into protein with exceptionally high fidelity.1,2 Never-

theless, the mechanisms that impart high fidelity to protein
biosynthesis also place constraints on the structures of the
amino acids that can be incorporated into proteins. Engineering
proteins with noncanonical amino acids has been a subject of
interest for both chemists and biologists; the strategy remains
challenging because of constraints imposed by the ribosome.3

β-Amino acids are interesting analogues and have the ability to
introduce regio- and stereochemical diversity into the current
set of amino acid residues available for protein modifications. β-
Amino acids are not found in ribosomally synthesized proteins
even though they are present in cells.4

The bias of the ribosome against β-amino acids is well-
established.5−9 It has been demonstrated that β-aminoacyl-
tRNAs are poor substrates for the bacterial ribosome5−8 and β-
aminoacyl-tRNA cannot participate effectively in peptide bond
formation at the peptidyltransferase center (PTC) (Figure 1).9

The strong bias of the ribosome against β-amino acids has
limited their incorporation into proteins using cell free or
cellular protein biosynthesizing systems. Puromycin (Figure 2)
is an aminonucleoside antibiotic with a structure that resembles
the 3′-end of the aminoacyl-tRNA, rendering it a putative
aminoacyl-tRNA mimic.10,11 It binds to the A-site of the PTC
and takes part in peptide bond formation with the nascent
polypeptide attached to the peptidyl-tRNA in the P-site, leading

to premature chain release.10,11 Recently, we described a set of
modified ribosomes selected using β3-puromycin (Figure 2),12

which allowed the site-specific incorporation of five different β-
amino acids into full length Escherichia coli dihydrofolate
reductase (DHFR) in varying yields in a cell free translation
system.13

The foregoing studies12,13 did not directly address the
question of the scope of β-amino acid structures that might be
recognized by ribosomes selected using a single puromycin.
The β3-puromycin used for the selection of the modified
ribosomes12,13 had its β-amino acid moiety as a single regio-
and stereoisomer (3-substituted S-isomer). It seemed logical to
anticipate that the modified ribosomes might display a
preference during protein synthesis for aminoacyl-tRNAs
having region- and stereochemistry analogous to that of the
β-amino acid moiety in the β3-puromycin used for ribosome
selection. Therefore, we assessed the regio- and stereochemical
preference of the modified ribosomes toward the incorporation
of β-amino acids. We utilized methyl-β-alanine isomers 1−4 for
that purpose (Figure 3A).
To further verify the ability of the puromycin derivative to

select modified ribosomes having an A-site architecture

Received: April 13, 2015
Revised: May 16, 2015
Published: May 18, 2015

Article

pubs.acs.org/biochemistry

© 2015 American Chemical Society 3694 DOI: 10.1021/acs.biochem.5b00389
Biochemistry 2015, 54, 3694−3706

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/biochemistry
http://dx.doi.org/10.1021/acs.biochem.5b00389
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


complementary to the regio- and stereochemistry of the
puromycin, we selected a new set of modified ribosomes
using a β2-puromycin (Figure 2). This puromycin derivative has
regio- and stereochemistry opposite from that of the β3-
puromycin. Methyl-β-alanine isomers 1−4 were again
employed to evaluate the regio- and stereoselectivity of the
new set of modified ribosomes in protein synthesis, and a
model of the key regions of the 23S rRNAs of two ribosomal
clones is presented.
Finally, we also exemplify the utility of the ribosomes capable

of utilizing β-amino acids by incorporating methyl-β-alanine 4
into position 35 of a nucleic acid binding domain (RRM1) of
heterogeneous nuclear ribonucleoprotein L-like (hnRNP LL),
which has been shown to bind to a DNA i-motif in the
promoter region of BCL2.14 Position 35, which normally
contains Ala, is in a short and relatively unstable α-helical
region of an RNA recognition motif (RRM1) of hnRNP LL;
the introduction of 4 (β-mAla) in lieu of Ala was found to
significantly stabilize the α-helical structure, while retaining its i-
motif DNA binding properties.

■ MATERIALS AND METHODS

Tris, acrylamide, bis-acrylamide, urea, ammonium persulfate,
N,N,N′,N′-tetramethylenediamine (TEMED), dihydrofolic
acid, glycerol, ampicillin, pyruvate kinase, lysozyme, erythro-
mycin, isopropyl β-D-thiogalactopyranoside (IPTG), dithio-
threitol (DTT), and 2-mercaptoethanol were purchased from
Sigma Chemicals (St. Louis, MO). [35S]Methionine (10 μCi/
μL) was obtained from Amersham (Pitscataway, NJ). BL-
21(DE-3) competent cells and T4 RNA ligase were from
Promega (Madison, WI). The Plasmid MaxiKit (Life Science
Products, Inc., Frederick, CO) and the GenEluteHP plasmid
miniprep kit (Sigma) were used for plasmid purification.
Phosphorimager analysis was performed using a Molecular

Dynamics 400E PhosphorImager equipped with ImageQuant
version 3.2. Ultraviolet and visible spectral measurements were
taken using a PerkinElmer lambda 20 spectrophotometer.
Circular dichroism spectra were recorded using a Jasco-810
spectropolarimeter.

Preparation of β-Aminoacyl-tRNACUAs. The activation of
suppressor tRNACUAs was conducted as described previ-
ously.15,16 Briefly, a 100 μL reaction mixture of 100 mM Na
Hepes (pH 7.5) contained 1.0 mM ATP, 15 mM MgCl2, 100
μg of suppressor tRNACUA-COH, 0.5 A260 unit of N-pentenoyl-
protected β-aminoacyl-pdCpA, 15% DMSO, and 100 units of
T4 RNA ligase. The reaction mixture was incubated at 37 °C
for 1.5 h and the reaction quenched by the addition of 0.1
volume of 3 M NaOAc (pH 5.2). The N-protected amino-
acylated tRNA was precipitated with 3 volumes of cold ethanol.
The efficiency of ligation was estimated by 8% polyacrylamide−
7 M urea gel electrophoresis (pH 5.0).
The N-pentenoyl-protected aminoacyl-tRNACUAs were de-

protected by being treated with 5 mM aqueous I2 at 25 °C for
15 min. The solution was centrifuged, and the supernatant was
adjusted to 0.3 M NaOAc and treated with 3 volumes of cold
ethanol to precipitate the aminoacylated tRNA. The tRNA
pellet was collected by centrifugation, washed with 70%
aqueous EtOH, air-dried, and dissolved in 20 μL of RNase
free water.

Preparation of S-30 Extracts from Cells Having
Modified Ribosomes. Aliquots (5−10 μL) from liquid stocks
of E. coli BL-21(DE-3) cells, harboring plasmids with a wild-
type or modified rrnB gene, were plated on LB agar
supplemented with 100 μg/mL ampicillin and grown at 37
°C for 16−18 h. One colony was picked from each agar plate
and transferred into 3 mL of LB medium supplemented with
100 μg/mL ampicillin and 0.5 mM IPTG. The cultures were
grown at 37 °C for 3−6 h in a thermostated shaker until the
OD600 reached ∼0.15−0.3, diluted with LB medium

Figure 1. Structure of domain V of 23S rRNA of the E. coli strain K12
70S ribosome (Protein Data Bank entry 2WWQ). Peptidyltransferase
center (PTC) loop regions are highlighted as follows: yellow,
nucleotides 2057−2063; green, nucleotides 2447−2456; red, nucleo-
tides 2496−2507; blue, nucleotides 2582−2588; cyan, nucleotides
2606−2611.

Figure 2. Structures of puromycin and β-puromycin derivatives.
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supplemented with 100 μg/mL ampicillin, 1 mM IPTG, and 3
μg/mL erythromycin (for selectively enhancing the modified
ribosome fraction) until the OD600 reached 0.01, and then
grown at 37 °C for 12−18 h. The optimal concentration of the
final cultures was an OD600 of 0.5−1.0. Cells were harvested by
centrifugation (5000g, 4 °C, 10 min) and washed three times
with S-30 buffer [10 mM Tris-OAc (pH 8.2) containing 1.4
mM Mg(OAc)2, 6 mM KOAc, and 0.1 mM DTT]
supplemented with β-mercaptoethanol (0.5 mL/L) and once
with S-30 buffer having 0.05 mL/L β-mercaptoethanol. The
weight of the wet pellet was estimated, and 1.27 mL of S-30
buffer was added to suspend each gram of cells. The volume of
the suspension was measured and used for estimating the
amount of other components. The preincubation mixture (0.3
mL) [0.29 M Tris (pH 8.2) containing 9 mM Mg(OAc)2, 13
mM ATP, 84 mM phosphoenolpyruvate, 4.4 mM DTT, and 5
μM amino acids mixture], 15 units of pyruvate kinase, and 10
μg of lysozyme were added per milliliter of cell suspension, and
the resulting mixture was incubated at 37 °C for 30 min. The
incubation mixture was then frozen at −80 °C (∼30 min),
thawed (37 °C, 30 min), and again frozen and thawed at room
temperature (∼30 min). Ethylene glycol tetraacetic acid
(EGTA) was then added to a final concentration of 2.5 mM,
and the cells were incubated at 37 °C for 30 min; CaCl2 was
added to a final concentration of 2.5 mM and the mixture again
frozen (−80 °C, 30 min). The frozen mixture was centrifuged
(15000g, 4 °C, 1 h), and the supernatant was stored in aliquots
at −80 °C.
In Vitro Protein Translation. Protein translation reactions

were conducted in 12−1200 μL of incubation mixture
containing 0.2−0.4 μL/μL of S-30 system, 100 ng/μL plasmid,
35 mM Tris acetate (pH 7.4), 190 mM potassium glutamate, 30
mM ammonium acetate, 2 mM DTT, 0.2 mg/mL total E. coli
tRNA, 3.5% PEG 6000, 20 μg/mL folinic acid, 20 mM ATP
and GTP, 5 mM CTP and UTP, 100 μM amino acid mixture,
0.5 μCi/μL of [35S]methionine, and 1 μg/mL rifampicin. In the

case of plasmids having a gene with a TAG codon, β-aminoacyl-
tRNACUAs were added to a concentration of 0.6−1.0 μg/μL.
Reactions were conducted at 37 °C for 1 h and terminated
when the mixtures were chilled on ice. Aliquots from in vitro
translation mixtures were analyzed by sodium dodecyl sulfate
(SDS)−polyacrylamide gel electrophoresis followed by quanti-
fication of the radioactive bands by phosphorimager analysis.

“In-Gel” Trypsin Digestion.17 Samples to be digested in
the gel were run in three or four lanes of a 12% SDS−
polyacrylamide gel, stained with Coomassie R-250, and
destained until the background was clear. The band containing
DHFR was cut from the gel and washed with 0.1 M ammonium
bicarbonate (1 h, room temperature). The solution was
discarded, and 0.1−0.2 mL of 0.1 M ammonium bicarbonate
and 10−30 μL of 0.045 mM DTT were added. Gel pieces were
incubated at 60 °C for 30 min, cooled to room temperature,
and incubated at room temperature for 30 min in the dark after
the addition of 10−30 μL of 0.1 M iodoacetamide. Gel pieces
were washed with a 1:1 acetonitrile/0.1 M ammonium
bicarbonate mixture until they became colorless. After the
solution had been discarded, the gel pieces were incubated in
0.1−0.2 mL of acetonitrile (10−20 min at room temperature)
and, after removal of solvent, were reswelled in 50−100 μL of
25 mM ammonium bicarbonate containing 0.02 μg/μL trypsin.
After incubation at 37 °C for 4 h, the supernatant was removed
to a new tube and the peptides were extracted with 60%
acetonitrile in 0.1% CF3COOH (20 min at room temperature).
The combined fractions were dried and reconstituted in a
minimal amount of 60% acetonitrile in 0.1% CF3COOH, all of
which was used for MALDI-MS analysis.

Selection of Modified Ribosomes Using β2-Puromy-
cin. The selection experiments were conducted as described
previously.12 Briefly, a mini library (96-well master plate) was
prepared from 62 clones, which previously demonstrated some,
but <40% inhibition of cell growth in the presence of β3-
puromycin, by adding 100 μL of a glycerol stock of each clone

Figure 3. (A) Structures of β-amino acids studied. (B) Strategy employed for their incorporation into DHFR using modified ribosomes.
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in each well. Three new plates were prepared by transferring 2
μL of culture from each well of the master plate to the
corresponding well of a new plate, and 98 μL of the assay
solution was added to each well. Assay solutions were prepared
from LB medium (pH 8.4) containing 100 μg/mL ampicillin, 1
mM IPTG, and 100 μg/mL β2- or β3-puromycin. A solution
without any puromycin was used for a control plate. All plates
were incubated at 37 °C for 16−18 h in a temperature-
controlled shaker, and cell growth was estimated by measuring
the optical density at 600 nm (OD600). Inhibition of cell growth
by β2- and β3-puromycin was estimated as described
previously.12 Clones with an inhibition value of >50% were
used for verification experiments. Cultures were diluted with an
assay solution (LB medium supplemented with 100 μg/mL
ampicillin and 1 mM IPTG) until the OD600 value was ∼0.01
and placed in eight wells of a 96-well plate, having six different
dilutions of β2- or β3-puromycin (dilution from 200 to 6.25 μg/
mL). Plates were incubated at 37 °C for 16−18 h in a
temperature-controlled shaker, and cell growth was estimated
by measuring the optical density at 600 nm. IC50 data were
calculated for β2- and β3-puromycin for each clone.
Plasmids from cultures showing a 1.5−2-fold difference in

IC50 values between β2- and β3-puromycin were isolated and
retransformed into BL-21(DE-3) cells. The sensitivity of new
cultures to β2- and β3-puromycin in the presence of
erythromycin was determined as described above. In this
case, 2.5 μg/mL erythromycin was also added to the assay
solution.
Modeling of the Structures of the Modified 23 rRNAs.

The structure of E. coli 23S rRNA [Protein Data Bank (PDB)
entry 2WWQ] was used as the reference structure.18 PTC loop
regions were defined as reported.19 Three-dimensional
structure visualization was conducted with Chimera 1.9.20

Hydrogen bonds were predicted using constraints relaxed by
0.4 Å and 20.0°.
Expression and Study of an α-Helix in hnRNP LL

RRM1. Mutagenesis and Subcloning. The PCR (polymerase

chain reaction) site-directed mutagenesis procedure was
conducted using the New England Biolabs Q5 Mutagenesis
kit. The NEB base changer web-tool was used to design the
primers, to incorporate an amber codon (TAG) at position A35
of RRM1. PCR was performed in a 25 μL reaction mixture,
following the procedure described in the kit manual. Each
reaction mixture contained 25 ng of wild-type RRM1 template,
encoded in a pET28a vector, 125 ng of forward and reverse
primers, 10 nmol of dNTPs, 2.5 units of DNA polymerase in 35
mM Tris-HCl (pH 8.0) containing 12 mM potassium acetate, 5
mM DTT, and 0.05% Triton X-100 in 0.05 mM EDTA. The
PCR products were ligated with the Q5 ligase master mix and
transformed into DH5α E. coli cells. Purified plasmids were
verified by sequencing.

In Vitro RRM1 Translation. Proteins for CD spectral analysis
were prepared by in vivo (RRM1wt) and in vitro (RRM1wt and
RRM 1β-mAla) translation and purified by using the Strep-
tag@ protein purification system (IBA Inc.). Final samples were
stored (10 μM protein concentration) in elution buffer (100
mM Tris-HCl, 150 mM NaCl, 1 mM EDTA and 2.5 mM
desthiobiotin).

Circular Dichroism (CD). CD spectra were recorded on a
Jasco-810 spectropolarimeter equipped with a temperature
controller using 1 mm quartz cells. Spectra were obtained at
scan rates of 50 nm/min (protein) and 100 nm/min (DNA).
Three scans for each sample were performed at 25 °C over a
wavelength range of 195−260 nm, and the average means were
calculated. The noise in the data was smoothed using JASCO-
810 software. The ellipticity data were estimated in millidegrees
and converted to molar ellipticity according to a standard
protocol.21 The melting points (Tm) of RRM1wt and RRM1β-
mAla were estimated on the basis of CD spectral data obtained
at different temperatures (from 4 to 94 °C with 5 °C intervals).
The signal intensities at 222 nm were plotted against the
corresponding temperature value and smoothed with a
nonlinear sigmoidal data fit program.

Scheme 1. Preparation of 8, tRNACUA Activated with β-Amino Acid 4
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DNA−protein binding studies were performed on the basis
of a published protocol.14 The samples, containing 5 μM i-
motif oligonucleotide, which is involved in binding by RRM1,
and varying (0−7.5 μM) amounts of RRM1wt and RRM1β-
mAla were prepared in 50 mM Tris-HCl (pH 6.6) containing
100 mM NaCl. Before CD spectral measurements, all samples
were incubated for 15 min at room temperature. Each sample
was scanned over a wavelength range of 240−350 nm,
averaged, smoothed, and baseline corrected. The molar
ellipticity [θ] was estimated and plotted versus wavelength.
Sigmoidal curves (the CD signal at 286 nm on the Y-axis vs the
molar protein:DNA ratio on the X-axis) were prepared with use
of prism data plotting tools. Kd estimations for both samples
were done with the highest R2 values by using the Hill slope
option for data points, which were fitted using a predefined
equation for 1:1 nonlinear binding saturation.
The equation Y = Bmax × Xh/(Kd

h + Xh) was employed,
where Y is the determinant of specific binding, X = [protein]/
[DNA], Bmax is maximal specific binding, and h is the Hill slope.
End Labeling of Oligonucleotides. The BCL2 i-motif was

5′-32P end labeled with [γ-32P]ATP and T4 polynucleotide
kinase. Ten picomoles of DNA was 5′-32P end labeled by
incubation with 20 units of T4 polynucleotide kinase and 0.06
mCi of [γ-32P]ATP [specific activity of 6000 Ci (222 TBq)/
mmol] in 50 μL (total volume) of 70 mM Tris-HCl (pH 7.6)
containing 10 mM MgCl2 and 5 mM DTT. The reaction
mixture was incubated at 37 °C for 1 h followed by purification
of DNA by 16% polyacrylamide gel electrophoresis at 1800 V
for 2.5 h.
Electrophoretic Mobility Shift Assay. The BCL2 i-motif was

5′-32P end labeled as noted above. These constructs were
prepared in 50 mM Tris buffer (pH 7.0) containing 100 mM
NaCl. One microliter (10000 cpm) of the DNA was mixed with
10 μM unlabeled oligonucleotide. Ten picomoles of the DNAs
was then incubated with 250 pmol of RRM1wt or RRM1β-
mAla for 15 min at room temperature in the same buffer. The
DNA/protein mixtures were subjected to 12% nondenaturing
gel electrophoresis at 80 V for 1.5 h. The resulting bands were
visualized using a phosphorimager.

■ RESULTS

Suppressor tRNACUAs misacylated with β-amino acids were
prepared from individual β-aminoacyl-pdCpAs as described
previously.12,13 Scheme 1 illustrates the preparation of a
suppressor tRNACUA misacylated with β-amino acid 4. The
preparation of the remaining β-aminoacyl-tRNACUAs starting

from free β-amino acids is described in the Supporting
Information (Schemes S1−S3). For the incorporation of β-
amino acids 1−4 into DHFR, S-30 systems were prepared from
E. coli colonies harboring different modified ribosomes.12,13

Their ability to synthesize full length DHFR in the presence of
β-aminoacyl-tRNACUA and a DHFR mRNA transcript having a
UAG codon at position Val10 was measured. The suppression
efficiency for each β-aminoacyl-tRNACUA was expressed relative
to the synthesis of full length wild-type DHFR using the S-30
systems prepared from different modified ribosomes. As a
negative control, DHFR synthesis in the presence of non-
acylated tRNACUA was evaluated. All S-30 preparations
produced very low levels of nonspecific read-through of the
UAG codon in the presence of nonacylated suppressor
tRNACUA. The amounts of DHFR produced by each S-30
system were quantified with a phosphorimager, which
monitored the incorporation of [35S]methionine into DHFR.

In Vitro Translation Using Methyl-β-alanine Deriva-
tives 1−4 with Modified Ribosomes Selected Using β3-
Puromycin. Table 1 compares the efficiencies of incorporation
of methyl-β-alanine derivatives 1−4 into DHFR at position 10,
relative to the wild-type DHFR synthesis using S-30 systems
prepared from four different ribosomal clones (Figure 3B).
These clones were identified previously, on the basis of a
selection employing β3-puromycin.12,13 Among the four
methyl-β-alanine isomers examined, the best incorporation
results were obtained with 4 (up to 19% suppression yield)
using clone 040217. The incorporation efficiency of 3(S)-
methyl-β-alanine (4) was 2−4 times higher than that of 3(R)-
methyl-β-alanine (3). Furthermore, the incorporation of 3-
substituted methyl-β-alanine derivatives produced up to 5-fold
greater amounts of modified DHFR, when compared with
those of the 2-substituted methyl-β-alanine derivatives. These
ribosomal clones were unable to discriminate between the
stereoisomers of 2-substituted methyl-β-alanines, where β-
amino acids 1 (R-isomer) and 2 (S-isomer) were incorporated
in similar yields (∼2−4% suppression yields). Ribosomal clone
040321 demonstrated the best regio- and stereoselectivity,
giving up to 4-fold greater amounts of full length DHFR in the
presence of β-aminoacyl-tRNACUA bearing 4 (∼8% suppression
yield) relative to those of other methyl-β-alanine derivatives
(∼2% suppression yields). To provide direct evidence of the
incorporation of methyl-β-alanine derivatives into DHFR, we
prepared a modified DHFR having 4 at position 10 on a larger
scale. The modified DHFR was purified by the use of Ni-NTA
chromatography followed by SDS−polyacrylamide gel electro-

Table 1. Incorporation of β-Amino Acids 1−4 into Position 10 of E. coli Dihydrofolate Reductase (DHFR) by Using S-30
Systems Having Different Modified Ribosomes Selected Using β3-Puromycin

sequence in 23S rRNA of the modified ribosome suppression efficiency in different S-30 systems, having modified ribosomes (%)a

clone region 1 region 2 −b 1 2 3 4

0403x4 2057AGCGUGA2063 2502AGCCAG2507 0.07c ± 0.05 2.7 ± 1.1 3 ± 1.3 6.7 ± 1.1 11.8 ± 1.5
040321 2057AGCGUGA2063 2502AGAUAA2507 0.12 ± 0.04 2.1 ± 1 3.4 ± 1.9 1.8 ± 0.8 8.3 ± 1.5
040329 2057AGCGUGA2063 2502UGGCAG2507 0.06 ± 0.03 1.8 ± 0.4 2.8 ± 0.6 5.3 ± 1.5 9.8 ± 1.1
040217 2057AGCGUGA2063 2496AUAGAA2501 0.2 ± 0.1 3.6 ± 0.5 4.2 ± 1.1 10.6 ± 3.3 17.8 ± 1.2
wild typed 2057GAAAGAC2063 2496CACCUC2501

2502GAUGUC2507
aThe amount of wild-type DHFR translated using S-30 systems having the corresponding modified ribosome was arbitrarily assigned a value of 100.
The suppression efficiency for each β-amino acid was calculated relative to the amount of wild-type DHFR. bNonspecific read-through of the amber
stop codon relative to the amount of wild-type DHFR synthesis. cEach number represents the average of three independent experiments ± the
standard deviation. dIncorporation of representative β-amino acids by an S-30 system prepared from wild-type ribosomes affected suppression to the
extent of <1%.
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phoresis. The purified DHFR sample present in the SDS−
polyacrylamide gel was treated with trypsin according to a
published protocol,17 and the tryptic digest was subjected to
matrix-assisted laser desorption ionization (MALDI) mass
spectrometry (MS) analysis. A tryptic fragment encompassing
amino acids 1−12 (4 at position 10) was anticipated to have a
molecular mass of 1259 Da. As shown in Figure 4, there was an
ion peak observed m/z 1259.17. This ion was not present in the
tryptic digest of DHFR V10F, but the anticipated ion at m/z
1321.49 (reflecting the presence of Phe10) was readily apparent
(Figure S1 of the Supporting Information).
Additionally, clone 040329 was found to exhibit particularly

good regioselectivity (3 and 4 vs 1 and 2) and was used for
direct comparison with clones selected using β2-puromycin.
Selection of the Modified Ribosomes Using β2-

Puromycin. To further establish that the regio- and stereo-
chemical control shown by modified ribosomes reflects the
regio- and stereochemistry of the amino acid moiety of the
puromycin derivative used in the selection, we selected
modified ribosomes using a puromycin derivative having the
opposite regio- and stereochemistry compared with those of β3-
puromycin. Figure 2 shows the structure of this β2-puromycin
derivative; its preparation is outlined in Scheme 2. During our
first selection experiments using β3-puromycin, clones showing
some (but <40%) inhibition of cell growth in the presence of
β3-puromycin were not used for any further experiments.12 It
seemed logical to think that this pool of clones might be a good
source of clones more sensitive to β2-puromycin. Therefore, we
used this pool of clones for a cell growth inhibition assay in the
presence of β2-puromycin; six clones were found to exhibit
>40% inhibition of cell growth (Figure 5A). The sensitivity to

β2-puromycin was verified for these six selected clones by
means of an IC50 assay, using both β-puromycin derivatives
(Figure 5B). Three clones (010335, 010374, and 070215)
demonstrated good sensitivity to β2-puromycin (IC50 values
1.5−2-fold lower than those of β3-puromycin) and were chosen
for isolation and sequencing.
Two of these clones (010335 and 010374) had modifications

in both crucial regions (nucleotides 2057−2063 and 2502−
2507) of the PTC in the 23S rRNA, while clone 070215 had
the wild-type sequence in the second mutated region. Plasmids
from these two clones were transformed in BL-21(DE-3) cells
to further verify the sensitivity to β-puromycin derivatives in the
presence of erythromycin (Table 2). Cell cultures having

Figure 4.MALDI mass spectrum of tryptic fragments of modified DHFR having 3(S)-methyl-β-alanine (βA; 4) at position 10 (MISLIAALAβADR).
Mass range of 1000−1600 Da (the asterisk denotes an estimated value in daltons).

Scheme 2. Synthesis of β2-Puromycin (11)
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modified ribosomal clones 010335 and 010374 demonstrated
>2-fold greater sensitivity to β2-puromycin as compared to β3-
puromycin in the presence of erythromycin (2.5 μg/mL).
These two clones were used for translation experiments with β-
amino acids 1−4.
In Vitro Translation Using Methyl-β-alanine Deriva-

tives 1−4 with Modified Ribosomes Selected Using β2-
Puromycin. After successful selection of two modified
ribosomes displaying >2-fold enhanced sensitivity to β2-
puromycin relative to β3-puromycin, their regio- and stereo-
chemical preferences during protein translation were examined.
The amino acid moiety in β2-puromycin has a benzyl group at
position 2 with R-stereochemistry (Figure 2). It was anticipated
that these clones would favor 2-methyl-β-alanine derivatives 1
and 2, possibly with enhanced selectivity for R-isomer 1. In
accordance with the regioisomerism of the amino acid moiety
in β2-puromycin used in the selection experiments, both
ribosomal clones incorporated 2-methyl-β-alanine isomers 1
and 2 with moderately increased yields over the 3-methyl-β-
alanine derivatives; this is illustrated in Figure 6 for the
incorporation of the four β-amino acids into position 10 of
DHFR by clone 010335. Also illustrated in Figure 6 for
comparison is the incorporation of the same four β-amino acids
into position 10 of DHFR by clone 040329, which was selected
using β3-puromycin (Table 1). As anticipated, β-amino acid 4
was incorporated with the greatest efficiency.

Partial Structures of the Peptidyltransferase Center of
Clones 040329 and 010335 at the Level of 23S rRNA
Depicting the Regions at Which the Modifications Were
Introduced. Extrapolation from the study on the Haloarcula
marismortui 50S ribosomal subunit suggests that the putative
catalytic function22−24 of A2451 as a general base during the
nucleophilic attack by the α-amino group of the A-site substrate
is supported by interactions among G2061, G2447, A2450, and
A2451.25 In this context, the hydrogen bond nets in loop
regions 2057−2063 and 2496−2507 were compared for the
two clones used in the incorporation experiments shown in
Figure 6 (Figure 7 and Table S1 of the Supporting
Information). Both clones had a G2061U replacement that
alters the space around A2451 and likely affects the 2451−2061
hydrogen bond length. Of particular interest is the fact that all
four clones selected using β3-puromycin also had uridine at
position 2061. The presence of U2061 may be critical for the
recognition of substituted β-amino acids but cannot solely
account for the differences in regio- and stereoselectivity
observed between clones 040329 and 010335. Most likely, the
combination of G2061U replacement and the densely mutated
region of nucleotides 2502−2507, essentially nonidentical

Figure 5. (A) Cell growth inhibition assay in the presence of β3-
puromycin and β2-puromycin for the selection of modified ribosomes.
(B) IC50 assay for measuring the sensitivity of modified ribosomal
clones to β3-puromycin and β2-puromycin.

Table 2. IC50 Assay for Verifying the Sensitivity of the Modified Ribosomes to β-Puromycin Derivatives in the Presence of
Erythromycin (2.5 μg/mL)

sequence in 23S rRNA of the modified ribosome IC50 (μg/mL)a

clone region 1 region 2 β3-puromycin β2-puromycin

010335 2057UGCGUGG2063 2502AGAUGA2507 163 ± 17 71 ± 10
010374 2057UGCGUGG2063 2502CGCUCG2507 125 ± 7 59 ± 5

aEach number represents the average of three independent experiments ± the standard deviation.

Figure 6. Translation of DHFR from a wild-type and modified DHFR
(lanes 1−5) mRNA (UAG codon at position 10) by the use of S-30
systems prepared from ribosomal clones 010335 and 040329 in the
presence of different suppressor tRNAs (lanes 1−5): lane 1,
nonacylated tRNACUA; lane 2, tRNACUA activated with β-amino acid
1; lane 3, tRNACUA activated with β-amino acid 2; lane 4, tRNACUA
activated with β-amino acid 3; lane 5, tRNACUA activated with β-amino
acid 4.
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between the clones and also compared to the wild type,
contributes to the specific characteristics of the modified
ribosomes.
Stabilization of an α-Helical Structure by Replace-

ment of Alanine with 3(S)-Methyl-β-alanine (4). The wild-
type RRM1 domain of human hnRNP LL protein was cloned
into the pET28a vector and expressed using E. coli BL21(DE-3)
cells. The domain structure was determined by sequence
homology interpretation based on other well-characterized
homologous proteins of the family (N-terminus of mouse
protein BAB28521, PDB entry 1WEX) using Modeller.26,27

The DNA binding residues in RRM1 were found using DP-
bind.28,29 The predicted DNA binding residues were R26, G27,
F55, K56, R57, Q58, Q86, F89, N91, and Y92, all of which
reside on the loop structure of RRM1 (Figure S2A of the

Supporting Information). The modified RRM1 protein
containing β-amino acid 4 at position 35 was synthesized in a
cell free in vitro expression system in the presence of an S-30
preparation derived from ribosomal clone 040329; as shown in
Figure 8, the suppression yield was 12−13%. Unmodified

RRM1 was prepared using an in vivo expression system and had
a CD spectrum identical with that of the same protein
(RRM1wt) made by using the plasmid construct encoding
RRM1 in a wild-type cell free protein-synthesizing system
(Figure 9B). As is evident from the CD spectrum, the RRM1
domain was largely unstructured, evident by a negative peak
centered at 205 nm in the far-UV region corresponding to
random coil.
As noted above, a modified RRM1 domain of i-motif DNA

binding protein hnRNP LL was prepared using modified
ribosomes for the incorporation of 3(S)-methyl-β-alanine (β-
mAla). The β-amino acid was used to activate a suppressor
tRNACUA, the latter of which was used to suppress a UAG
codon at the position corresponding to alanine 35 (A35) of
wild-type RRM1. Alanine 35 is situated at the beginning of the
smaller α-helix of RRM1 (α2) (Figure 9A) which is thought to
be a critically important region for helix stability. Interestingly,
the CD spectrum (Figure 9B) of RRM1β-mAla exhibited two
minima at 222 and 208 nm, characteristic of α-helical secondary
structures. To probe the stability of this construct, thermal
denaturation of the proteins was performed, revealing a Tm of
65.9 °C (R2 = 0.97) while RRM1wt showed little spectral
change over the same temperature range (Tm of 62.8 °C; R2 =
0.91), as expected from an unstructured protein (Figure 9C).
Further, the wild-type RRM1 protein (prepared in vitro) and

RRM1β-mAla were compared with respect to the DNA binding
activity using an i-motif DNA construct (Figure 10A and Figure
S2B of the Supporting Information). As shown in a previous
study, the i-motif has a characteristic CD peak at 286 nm, and
the intensity of the peak diminishes with unwinding of the
DNA fold, with an increase in pH or because of the binding of
hnRNP LL.14 As demonstrated in Figure 10, the intensity of the
CD peak at 286 nm gradually decreased while 5 μM i-motif
DNA was titrated with wild-type RRM1 (Figure 10B) or
RRM1β-mAla (Figure 10C). When plotted at the varying
concentrations of RRM1wt and RRM1β-mAla, the normalized
CD signal intensity at 286 nm revealed dissociation constants
(Kd) of 0.27 μM (R2 = 0.97) and 0.26 μM (R2 = 0.98),
respectively (Figure 10D). i-Motif protein binding was also
confirmed by employing an electrophoretic mobility shift assay
(EMSA), as shown in Figure 10E.

Figure 7. Partial structure of PTC of the E. coli strain K12 70S
ribosome at the level of 23S rRNA depicting the nucleotide regions
2057−2063 (yellow) and 2496−2507 (red) where the mutations were
introduced: top panel, wild-type ribosome; middle panel, clone
040329; bottom panel, clone 010335. The catalytically important
nucleotide A2451 is colored gray along with possible hydrogen
bonding interactions.

Figure 8. Translation of RRM1 from wild-type (wt) and modified
RRM1 mRNA (TAG codon at the position corresponding to Ala35)
by using an S-30 system prepared from ribosomal clone 040329 in the
presence of 3(S)-methyl-β-alanyl-tRNACUA (β-mAla; 4) (lanes 1 and
2) or in the absence of any tRNACUA (lane 3).
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■ DISCUSSION
Methods of incorporation of noncanonical amino acids into
proteins to improve function or create novel functionalities
have applications in protein therapeutics,30 bioimaging,31

protein folding and self-assembly,32 and organic synthesis.33

Successful ribosome-mediated incorporation of a large number
of noncanonical amino acid residues into peptides,34−36

proteins,37,38 and molecular libraries39,40 has been reported.
These studies reflect the broad acceptance of a variety of side
chains of α-L-amino acids by the peptidyltransferase center
(PTC) of the ribosome. However, the set of amino acid
building blocks available for ribosomal synthesis of modified
proteins is presently limited to α-L-amino acids. β-Amino acids
are interesting amino acid analogues and have been studied
extensively as alternatives to α-amino acids.41 Synthetic peptide
analogues having β-amino acids have been shown to have
helical properties, some of which are not dissimilar to the
overall structures of peptides formed from α-amino acids.42−45

Additionally, peptide analogues having β-amino acids often
show enhanced resistance to proteolysis, which make them
ideal candidates to include in the growing list of unnatural
amino acids incorporated into proteins.46−49 The applications
of β-amino acids as β-peptides are not limited to peptide
therapeutics but are also gaining importance in the develop-
ment of novel biomaterials. Recently, β-peptide analogues were

reported to have proteinlike properties,50 which were capable of
substrate binding and catalysis.51

At present, peptide analogues having β-amino acids are
generally prepared by synthetic or semisynthetic methods,
which limit their size and thus their range of potential uses.
Therefore, their utilization in modified proteins is presently
unusual. In a previous study, we reported the selection of a set
of modified ribosomes having modifications in two regions of
the 23S rRNA (nucleotides 2057−2063 and 2502−2507 or
2496−2501), which were sensitive to β3-puromycin (Figure 2).
Mutations in the 23S rRNA region were able to restructure the
PTC architecture and allow the modified ribosomes to
synthesize full length DHFR containing β-alanine.12 Critically,
it was shown that recognition of β-amino acids was not
achieved by diminishing the fidelity of protein synthesis with α-
amino acids.12 In a follow-up study, five modified ribosomes
were employed to incorporate each of five different β-amino
acids into DHFR; two of the modified DHFRs having single β-
amino acid substitutions were characterized using an “in-gel”
trypsin digestion followed by MALDI-TOF mass spectrome-
try.13 These β-amino acids differed in the nature, position, and
stereochemistry of their side chains, yet all were incorporated to
some extent. Thus, the extent to which the selected ribosomes
would contain architectures that mimicked the regio- and
stereochemistry of the puromycin “template” or the con-
sequences of such architectures for the efficiency of
incorporation of specific β-amino acids into protein were not
clear from this study.
It seemed logical to anticipate that the substrate preferences

of the modified ribosomes should reflect the regio- and
stereochemistry of the puromycin analogues used for their
selection. On the basis of the structure of the β-amino acid
moiety in β3-puromycin (Figure 2), we predicted that the
modified ribosomes would show reasonable preference toward
3-substituted β-amino acids. We also thought that these
modified ribosomes might be able to discriminate between
two spatial orientations of the side chain at position 3.
Clones 040329, 040321, 0403x4, and 040217 were selected

using β3-puromycin (Table 1).12 When subsequently employed
to support the incorporation of β-amino acids 1−4 into DHFR,
the modified ribosomes displayed good regioselectivity,
preferentially accepting 3-substituted methyl-β-alanines 3 and
4 (up to 5-fold) better than 2-substituted β-amino acids 1 and 2
(Table 1). The β-tyrosine moiety in β3-puromycin has a 4-
methoxybenzyl group at position 3 (Figure 2), consistent with
the observed preference displayed by the modified ribosomes
for 3-substituted methyl-β-alanine isomers. Clearly, all four
modified ribosomes preferred stereoisomer 3(S)-methyl-β-
alanine (4) relative to 3(R)-methyl-β-alanine (3); this
accurately reflected the stereochemistry of the β-tyrosine
moiety in β3-puromycin. The S-30 system prepared from
clone 040217 synthesized full length DHFR containing β-
amino acid 4 in suppression yields of up to 19%. Nonetheless,
the ratios of efficiency of incorporation of 3 and 4 varied from
one clone to another. For a direct verification of the
incorporation of β-amino acids into DHFR, we prepared
modified DHFR having 4 at position 10 on a larger scale. As a
control, we utilized DHFR V10F having phenylalanine at
position 10. A MALDI MS spectrum (mass range of 1000−
1600 Da) of the peptides generated from “in-gel” trypsin
digestion of modified DHFR is shown in Figure 4. Peptide
MISLIAALAβADR having 4 at position 10 gave an ion peak at
m/z 1259.17, which correlated well with the expected ion peak

Figure 9. Structural change in RRM1 caused by the incorporation of
β-mAla 4. (A) Three-dimensional structure of RRM1, highlighting
A35, modeled with reference to the solution structure of N-terminal
mouse protein BAB28521 (PDB entry 1WEX). (B) CD spectra of
RRM1 (in vivo) and RRM1 (in vitro) showed identical patterns of
random coil structure, whereas that of RRM1β-mAla showed a stable
α-helix. (C) Melting points for RRM1wt and RRM1β-mAla.
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at 1259 Da. This ion peak was absent in the MALDI MS
spectrum of the tryptic digest of DHFR V10F (Figure S1 of the
Supporting Information). As seen from the MALDI mass
spectrum for modified DHFR, ion peaks for unmodified
peptides corresponded well with the mass spectrum of DHFR
V10F (cf. Figure 4 and Figure S1 of the Supporting
Information).
To strengthen the conclusions concerning the source of

regio- and stereoselectivity in the selected ribosomes, we
attempted to identify ribosomes having regio- and stereo-
chemical preferences opposite from those discussed above. This
involved conducting a separate selection using β2-puromycin

(Figure 2). In the initial selection using β3-puromycin, clones
exhibiting <40% inhibition of cell growth in the presence of β3-
puromycin were not employed for in vitro translation
experiments.12 We reasoned that some of those clones might
show enhanced sensitivity to a β-puromycin derivative (β2-
puromycin) having a configuration opposite from that of β3-
puromycin. Therefore, we used that set of clones for a β2-
puromycin selection assay and discovered six new clones
showing >40% inhibition of cell growth (Figure 5A). The IC50

assay for cells harboring the six clones in the presence of β3-
puromycin and β2-puromycin identified three clones (010335,
010374, and 070215) with 1.5−2-fold lower IC50 values for β

2-

Figure 10. Binding interaction between the i-motif DNA and RRM1 containing Ala or β-mAla (4) at position 35. (A) Schematic representation of i-
motif and RRM1 binding resulting in the unwinding of i-motif DNA. (B) CD spectra of i-motif DNA upon its titration with RRM1wt until
saturation. (C) Curves of normalized molar ellipticity ([θ]DNA − [θ]DNA + protein) at 286 nm as a function of protein-DNA molar ratio for RRM1wt
and RRM1β-mAla. (D) Dissociation constant (Kd) for DNA protein binding in the presence of Ala or β-mAla at position 35. (E) Electrophoretic
mobility shift assay (EMSA) with radiolabeled i-motif and RRM1wt derived from in vivo and in vitro expression, or RRM1β-mAla expressed in vitro.
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puromycin than for β3-puromycin (Figure 5B). Following
plasmid isolation and sequencing, two clones (010335 and
010374) were found to have mutations in both critical regions
(nucleotides 2057−2063 and 2502−2507) in the 23S rRNA
gene (Table 2). As described previously, region 1 was mutated
to confer resistance against erythromycin such that cell growth
in the presence of erythromycin would partially block the
growth depending on wild-type ribosomes, thus allowing
enhanced production of the modified ribosomes.12 Therefore,
an IC50 assay using both β-puromycin derivatives in the
presence of 2.5 μg/mL erythromycin was conducted. The
clones exhibited >2-fold improved sensitivity to β2-puromycin
relative to β3-puromycin (Table 2), in the presence of
erythromycin. Thus, we succeeded in discovering two clones
demonstrating enhanced recognition for a puromycin derivative
having the opposite regio- and stereoconfiguration relative to
those selected using β3-puromycin. Figure 6 illustrates the
opposite preferences for methylated β-alanines exhibited by
clones 010335 and 040329.
The variants of the ribosomes tested were modified in two

regions of 23S rRNA, nucleotides 2057−2063 (region 1) and
nucleotides 2502−2507 or 2496−2501 (region 2). The clones
selected using β3-puromycin had the same sequence in region 1,
responsible for erythromycin resistance, but different sequences
in region 2 (Table 1). The wild-type sequence 2057GAAA-
GAC2063 in region 1 was changed to 2057AGCGUGA2063
for all the clones. In the second region, clones 0403x4
(2502AGCCAG2507) and 040329 (2502UGGCAG2507)
exhibited good homology. Perhaps for this reason, both of
these clones yielded similar results for the incorporation of
methyl-β-alanine derivatives (Table 1). Clone 040321
(2502AGAUAA2507) had little homology to either of the
clones mentioned above and demonstrated the best regio- and
stereoselectivity. Clone 040217, which produced maximal levels
of full length DHFR in the case of methyl-β-alanine derivatives,
was modified in a different region (2496AUAGAA2501)
altogether. For the clones selected using β2-puromycin, both
regions had sequences different from those of clones selected
using β3-puromycin. Clones 010335 and 010374 both had the
same sequence of nucleotides 2057UGCGUGG2063, which
shared good homology with region 1 (2057AGCGUGA2063)
of clones selected using β3-puromycin (Table 2). In region 2,
clone 010335 (2502AGAUGA2507) shared reasonable homol-
ogy with clone 040321 (2502AGAUAA2507), but poor
homology with clone 010374 (2502CGCUCG2507).
In an effort to understand the basis for the enhanced

recognition of β-amino acids by the ribosomal clones employed
in this study, we employed a reference structure for E. coli 23S
rRNA (PDB entry 2WWQ)18 to model the placement of the
nucleotides in the modified loop residues in regions of
nucleotides 2057−2063 and 2496−2507 of clones 010335
and 040329 (Figure 7). While not definitive, it is interesting
that all six clones considered in this study contained U2061 (in
lieu of G2061 present in the wild type), and that this residue is
putatively involved in a H-bonding interaction with residue
A2451, which is believed to be important catalytically in
peptide bond formation.22−25 Further, all six clones shared the
common pentanucleotide sequence 2058GCGUG2062, while
the wi ld type has the corresponding sequence
2058AAAGA2062. An in silico analysis of potential internucleo-
tide H-bonding interactions was conducted for five of the six
clones in comparison with the wild type and is presented in
Table S1 of the Supporting Information. Strikingly, each of the

clones was predicted to have a region of the 23S rRNA in which
several of the contiguous H-bonds present in wild type were
absent. Plausibly, this may actually reflect a somewhat more
flexible structure, amenable to recognition of β-amino acids in
addition to the canonical α-amino acids. Additionally, it should
be noted that there are numerous reports suggesting that the
ribose moiety of the 3′-terminal adenosine on aminoacyl-tRNA
may also be an important factor in determining the facility of
ribosomally mediated peptide bond formation.52−59 Accord-
ingly, the foregoing analysis, based only on ribosome structure,
may not address all of the factors involved.
While there have been numerous reports of the effects of one

or more β-amino acids as constituents of polypeptides, virtually
all of these have involved substrates prepared by chemical
synthesis. In this study, we incorporated a β-amino acid into a
protein motif (RRM1 of hnRNP LL) by the use of a modified
ribosome. The unmodified protein is capable of binding to an i-
motif DNA despite exhibiting a random coil structure. The
incorporation of β-mAla in lieu of alanine at position 35
conferred a preferred structure to the smaller α-helix of RRM1
(Figure 9B) without changing the DNA binding ability of the
protein (Figure 10C−E). We believe that this represents the
first report of a stabilizing effect of a β-amino acid in a
ribosomally elaborated protein. We hypothesize that the
increased stability of the α-helix as a result of the successful
incorporation of β-mAla may be due to the greater flexibility as
well as hydrophobicity of β-amino acids, which may provide an
advantage for alternative hydrogen bonding with the neighbor-
ing amino acids. In the case presented here, the documented
stabilization of the α-helix was achieved without any apparent
effect of RRM1 on DNA binding. A more detailed analysis
would be required to determine whether any change in DNA
binding could be noted under a variety of experimental
conditions. A previous report has suggested that the alternative
hydrogen bonds involving the terminal amino acids of an α-
helix contribute to helix capping.60 The presence of alanine at
the beginning of the smaller α-helix may play an important role
in the helical stability by taking part in such processes.
Therefore, this study involving β-mAla may provide a vehicle
for better defining the potential effects of β-amino acids on
protein structure through further experiments and modeling
using different amino acid positions of RRM1.

■ CONCLUSIONS

We have successfully demonstrated the ribosome-mediated
incorporation of four new β-amino acids (1−4) into full length
DHFR and amino acid 4 into the RRM1 domain of hnRNP LL.
We have verified that the modified ribosomes, in general,
displayed preferred regio- and stereoselectivity in accordance
with the regio- and stereochemistry of the β-puromycin
derivatives used for their selection. We conclude that it is
possible to select for modified ribosomes whose architectures
recognize features intrinsic to the puromycins used for their
selection, including specific elements of regio- and stereo-
chemistry. We provide a preliminary analysis of structural
features of the modified ribosomes conducive to the additional
recognition of β-amino acids and demonstrate the stabilizing
effect of 3(S)-methyl-β-alanine on a short α-helix present in
RRM1.
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■ NOTE ADDED IN PROOF
In a recent publication, Englander et al. have studied the basis
for ribosomal discrimination of amino acid chirality.61
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